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Effects of Acute Stress on Aircrew Performance:
Literature Review and Analysis of Operational Aspects

R. Key Dismukes', Timothy E. Goldsmith?, and Janeen A. Kochan’

Situational stress can adversely affect the cognition and skilled performance of pilots,
as well as experts in other domains. Emergencies and other threatening situations
require pilots to execute infrequently practiced procedures correctly and to use their
skills and judgment to select an appropriate course of action, often under high
workload, time pressure, and ambiguous indications, all of which can be stressful.
Our current study, consisted of three parts, starting with a critical review of the
research literature on the effects of stress on skilled performance, going back to
World War Il and continuing to recent and more sophisticated studies of the cognitive
effects of anxiety. In the second part we analyzed the specific ways stress may have
impaired the performance of airline crews in twelve major accidents, selected for
diversity of the situations the crews encountered. The third part examined the
operational significance and practical implications of the findings from the first two
parts, suggested specific ways to reduce the harmful effects of stress on flight crews,
and identified aspects requiring further research. Even though this study focused on
flight crews, the findings apply to the effects of stress on the skilled performance of
experts in almost any domain.

In September 2014 we completed the last of a series of three reports on the effects of stress on pilot
performance, which were sponsored by the FAA Division of Human Factors®. These reports
examined the effects of acute situational threats, rather than chronic life stress, on pilot cognition
and behavior. (For a review of the effects of chronic life stress, see Young, 2008.) Emergencies and
other threatening situations require pilots to execute infrequently practiced procedures correctly and
to use their skills and judgment to select an appropriate course of action, often under high workload,
time pressure, and ambiguous indications.

The performance of even the most skilled experts can be impaired by situational stress. The research
literature on the effects of stress goes back to World War II. Our first report reviewed the existing
research literature, and the second reported our own study of the specific ways stress may have
impaired the performance of airline crews in twelve major accidents. The third report examined the
operational significance and practical implications of the first two reports, suggested specific ways
to reduce the harmful effects of stress on flight crews, and identified aspects requiring further
research.

"NASA Ames Research Center.

* University of New Mexico.

? Aviation Research, Training, and Services, Inc.

* FAA Grant 12-G-009 to the University of New Mexico.
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These three reports are collected in this NASA TM to provide ready access to both the human
factors community and the aviation operational community. This overview summarizes our principle
findings and highlights critical issues.” One might note that although we focus on flight crew
performance, the issues and findings we report apply equally to the skilled performance of almost all
experts, from surgical teams to firefighters.

1. What is Stress?

In everyday parlance the word stress is used in loose and varied ways to refer to almost any difficult
situation humans encounter. Sometimes stress refers to a cause (the difficult situation) and other
times to an effect (physiological and/or psychological responses). In this paper, we use the word
stress to refer to effects and the term stressful situations to refer to causes.

The physiological literature provides a well-defined picture of two neural/hormonal systems that
respond to threat with characteristic changes that prepare the body for ‘fight or flight,” e.g.,
increased heart rate and hard breathing. The psychological literature, which is the focus of our study,
is more murky. Diverse manipulations have been used in laboratory studies to induce ‘stress,” for
example, high workload, noise, temperature extremes, electric shock, and social threat. It is not clear
that all of these manipulations work through the same psychological mechanisms, and processes
other than stress may also be involved.

In most laboratory studies the effects of these manipulations were assessed with simple performance
measures and the skilled performance of experts was not examined. Some more naturalistic studies
have examined skilled performance but under less controlled conditions. Few studies have examined
the skilled performance of expert pilots under well-controlled conditions. Consequently, caution is
required in considering the implications of the research literature for skilled performance. Our
reports focus on cognitive effects for which the research evidence seems strongest, and we
tentatively connect this literature with what we know of the cognitive processes underlying the
skilled performance of pilots, especially in threatening situations.

For the purposes of this study we used a focused and explicit concept of stress based on what is
known as the cognitive appraisal model, for which there is considerable research support (Lazarus
and Folkman, 1984). This model proposes that when individuals encounter challenging situations
they orient both their cognitive and physiological resources to deal with the situation. Physiological
responses, such as increased heart rate and force, faster breathing, and restriction of peripheral blood
flow, prepare the body for ‘fight or flight.” Cognitively, the individual focuses attention to the
challenging situation, mentally preparing for whatever tasks may be required. Up to this point, the
individual’s resources are mobilized to deal with the challenge, but we choose not to call this
stressful because the individual can manage the situation effectively and performance may actually
improve. However, if the situation becomes threatening—physically or socially —and the individual
is uncertain of his or her ability to manage the threat, anxiety arises. This anxiety is maladaptive,
because it disrupts the individual’s ability to manage the threatening situation, particularly by
degrading attention and working memory, both of which are crucial for managing challenging
situations effectively (Eysenck, Derakshan, Santos, and Calvo, 2007).

> Extensive literature citations are provided in our first report and, with a few exceptions, are not
repeated in this overview.



2. Flightcrew Errors in Airline Accidents

In our second report (Appendix B) we identified 212 errors in 12 airline accidents chosen to
represent a wide cross-section of aircraft types and situations. Readers should note that our study
design did not allow us to differentiate effects of stress from high workload, time pressure,
uncertainty, and unpracticed aspects of the accident situation. But to a large degree that does not
matter for the purposes of this study. Flight crews experience some combination of all these factors
in emergencies, and our goal is to find ways to reduce vulnerability to error in these highly difficult
situations. We do not argue that stress necessarily directly caused the accident pilots’ errors, but that
the stressful conditions made these errors more likely to occur.

In the following sections we summarize findings from our review of the literature on the cognitive
effects of stress and from our own study of accidents.

3. Attention and Working Memory

We all have an intuitive understanding of what attention is: the focus of one’s mind on one task or
thought or stream of sensory input from a myriad of other possibilities. Basically, we can only fully
attend to one stream of information at a given moment. If we must deal with multiple tasks, we are
forced to switch attention back and forth among them, somewhat like a spotlight.

Working memory is a very small subset of the vast store of an individual’s long-term memory,
momentarily activated so that it can be quickly accessed and manipulated. A classic example is
looking up a telephone number and holding it in mind long enough to dial the number. Working
memory consists of two components: the information stored and the control processes used to
manipulate the information. For example, adding several numbers in one’s head requires both
storing information temporarily and manipulating that information. These control processes, known
as executive processes, are also involved in directing attention.

The substantial literature on the effects of anxiety on attention and working memory is consistent
with the attention control theory of Eysenck, Derakshan, Santos, and Calvo (2007). Attention is
known to be controlled by two different brain systems: a top-down system that directs attention to
support the individual’s currently active goals, and a bottom-up system that draws attention to
environmental stimuli, especially stimuli that are salient, abrupt, or threatening. Attention control
theory posits that anxiety disrupts the balance between the two attentional systems, giving the
bottom-up system more weight. Consequently, attention is less under the control of task goals, and is
more easily pulled away by salient or threatening stimuli. Thus, the individual is more easily
distracted from task goals. However, if the threatening stimuli are central to the task’s goals, focus
might actually be improved.

Individuals under stress are less able to manage their attention effectively. They are more likely to
be distracted from a crucial task by highly salient stimuli, such as an alarm, or by threatening aspects
of a situation. They may process information less fully and may have difficulty switching attention
among multiple tasks in a controlled fashion, and consequently their management of the overall
situation may become disjointed and chaotic.

Because anxious thoughts tend to preempt working memory’s limited storage capacity, the
individual may have difficulty performing computations that would normally be easy and have
difficulty making sense of the overall situation and updating the mental model of the situation (i.e.,

3



situation awareness). In our study of accidents, by far the most common category of errors (50 out of
212) involved inadequate comprehension, interpretation, or assessment of the ongoing situation.

To understand how stress affects the skilled performance of pilots, especially in emergencies (which
by their nature involve novelty, uncertainty, and threat), one must understand the distinction between
automated performance of highly practiced tasks and effortful performance of less familiar tasks that
draws heavily on attention and working memory. If the threat produces anxiety, pilots’ performance
is likely to be undermined in specific ways. Attention and working memory are essential for tasks
involving novelty, complexity, or danger. Performing tasks requiring these two limited cognitive
resources is typically slow and effortful. If all tasks depended primarily on these limited resources
we could hardly function in the world. Fortunately, with highly practiced tasks, our dependence on
these two limited resources diminishes considerably, performance becomes largely automatic, and
we can perform these practiced tasks with minimum attention and effort, as, for example, when
driving a car.

Highly practiced skills, such as manual operation of flight controls, are less vulnerable to stress
because they are largely automated and are less dependent on attention and working memory.
Inadequate execution of a physical action occurred only ten times among the 212 errors (<5%)
identified in our accident study. However, emergencies almost always require interweaving highly
practiced tasks with less familiar tasks, novel situational aspects, and uncertainty. Thus, in an
emergency situation, overall demands on attention and working memory are very high at a time
when these limited cognitive resources may be disrupted by anxiety; consequently, tasks such as
decision-making, team performance, and communication that depend heavily on attention and
working memory are likely to be impaired

4. Decision-Making

Research has shown decision-making under stress to become less systematic and more hurried, and
that fewer alternative choices are considered when making decisions. However, in highly practiced
situations experts make decisions largely by automatic recognition of the situation and retrieval of
the appropriate response from long-term memory of previous experiences. This is why pilots are
required to practice responding to some emergency situations. Thus, experts such as pilots are
protected from impairment from stress under very familiar situations, at least to some extent. For
example, airline pilots are often given an engine failure during recurrent simulator training, and so
pilots are typically fairly reliable in executing the appropriate response when experiencing an actual
engine failure emergency in flight, even though the situation is somewhat stressful.

Unfortunately, most emergency situations are not rehearsed. Even in cases where the emergency
procedures are practiced, the decisions that the pilot needs to make to respond appropriately in a
particular emergency may be unique, and thus the required decision-making is not rehearsed. For
example, the immediate responses to an engine fire in flight are practiced in recurrent training and
are likely to be fairly reliable. But, the decisions about the next steps to take depend on where the
aircraft is, fuel remaining, weather, and many other variables. Consequently, deliberate thought is
required about these aspects, and such necessary deliberation may be impaired by the stress that is
induced during the emergency.

The decisions made by pilots involved in accidents are often criticized. Indeed it is easy to identify,
after the fact, what the pilots could have done to avert the accidents. But, as we have previously



argued (Dismukes, Berman, and Loukopoulos, 2007), that kind of assessment suffers from hindsight
bias. In our current study of accident errors, we found relatively few examples of poor decision-
making or poor choice of action (16 of 212 errors). We suspect that—at least in the case of
experienced airline pilots— "poor decision-making” may be used as a catch-all category, and we
suggest investigations would be better served by deeper analysis of underlying cognitive factors.

5. Team Performance and Communication

In many studies, researchers have found that under acute stress team members search for and share
less information, tend to neglect social and interpersonal cues, and often confuse their roles and
responsibilities. Stress hinders team performance, including decision-making, primarily by
disrupting communication and coordination. Coordination, of course, lies at the heart of effective
team performance. Stress significantly reduces both the number of communication channels used
and the likelihood that teammates will be provided needed information. Poor communication and
coordination can lead to downstream errors by team members. In our analysis of accidents, we found
30 of the 212 errors involved inadequate or improper communication.

We found 36 out of 212 errors involved poor management of competing task demands, and another
36 involved inadvertent omission of required actions. In laboratory studies, stress has been shown to
impair prospective memory, that is, remembering to perform intended actions at the appropriate
time.

We suspect that most of these 212 errors of all types may have resulted from an underlying cause
already mentioned: disruption of pilots’ executive control of attention and working memory.
Although most of the research literature is based on laboratory studies not involving skilled experts,
our analysis suggests that some critical aspects of skilled performance of pilots are vulnerable to
disruption in emergencies and other challenging situations.

6. Ways to Reduce Error Vulnerability

The design of airline operating procedures, training, and cockpit interfaces have evolved and
improved steadily over decades of operational experience. However, we suggest that there is a
hidden vulnerability in the design of three crucial aspects of safety —operating procedures, training,
and interfaces—when non-normal situations are encountered. There seems to be an implicit
assumption by designers that experienced pilots in emergency situations will be able to perform
‘normally:’that is to say pilots are assumed to process information, communicate, analyze situations,
and make decisions as well as if they were sitting safely on the ground. That assumption is wrong.

We suggest that pilots’ vulnerability to error in stressful situations could be reduced by developing
tools to help flightcrews:

1. Recognize, interpret, assess and comprehend the full implications of a challenging
situation that may change dynamically.

. Keep track of where they are in a procedure or checklist.
. Shift attention among competing tasks without becoming locked into just one task.

. Identify and analyze decision options.

wnm B~ W N

. Step back mentally from the moment-to-moment demands of the flight situation to
establish a high-level (meta-cognitive) mental model that guides action.

5



6. Continuously update that mental model as the situation unfolds.

7. Maintain the cognitive flexibility to abandon a previously selected procedure or
course of action that has become inappropriate for the situation.

To a large degree, these seven objectives could be supported by revising existing flightdeck
operating procedures, checklists, and training to reflect diminished attention control and working
memory function in threatening situations. This would best be accomplished by collaboration
between human factors experts and the operational community. In addition, a longer-range approach
would be to support these objectives in the design of future flightdeck displays and automation
interfaces.

Pilots’ resilience to stressful situations could also be improved by stress exposure training. In its
simplest form this training would explain the physiological and cognitive changes that occur in
stressful situations, which might help pilots be less disconcerted when they experience the
physiological effects and be on guard for the cognitive effects. More advanced training could be
incorporated into existing Line Oriented Flight Training (LOFT), allowing pilots to examine their
own performance in stressful scenarios.

7. Directions for Future Research

Research is needed to develop ways to evaluate the effectiveness of existing operating procedures
and checklists used in threatening situations and to provide guidelines for making these procedures
more robust. Similarly, research is needed to evaluate and enhance flightdeck interfaces to help
flight crews manage their attention and their multiple concurrent tasks in emergency situations.

A very limited amount of research has been conducted suggesting that stress management training
could reduce pilots’ vulnerability in difficult situations, but this research has been conducted with
novice pilots performing a limited range of tasks. Research is needed to develop practical and
effective stress management training that could be incorporated into existing airline training,
targeting highly experience pilots.

Targeted laboratory research could help us better understand basic cognitive functions affected by
stress, for example:

- Individual differences

- Role of experience

- Situational context

- Role of uncertainty and/or novelty

- Role of pilots’ mental perspective of threatening situations
- Judgment heuristics in decision-making

- Individual versus team effects



8. Implications for NextGen

The NextGen environment will present flightcrews with operating procedures and demands that
could increase stress and the consequences of stress, especially in non-normal situations. Complexity
and traffic density will increase in this environment, and thus margins for error and time to respond
may decrease. Therefore, it is crucial to identify human factors challenges that may arise during
implementation and to develop appropriate countermeasures.

The increased navigational precision and reduced aircraft spacing required for NextGen may
sometimes reduce the time flightcrews have to interpret emergency situations and to select
appropriate courses of action. The complexity of choosing an appropriate course of action may also
increase for crews encountering emergencies because options may be constrained while conducting
NextGen operations, such as closely spaced parallel operations.

New technologies will generate new failure modes that may increase stress and cognitive demands

on flightcrews. Research would allow these failure modes to be characterized, well-anticipated, and
thoroughly covered in training that is designed to mitigate stress effects on flightcrew performance

in the NextGen context. Existing alerting features on flightdecks may not be adequate for NextGen

procedures and failures.

As the airspace system evolves and grows more complex and crowded, the need for ways to help
flightcrews deal with the heavy cognitive demands of non-normal situations becomes even more
important. Transition to complex new technologies poses human factors challenges, and those in
NextGen are particularly critical to its successful implementation. Difficulties will be worked out as
they appear, but the transition period, including learning new procedures to proficiency, is likely to
be especially cognitively demanding on flightcrews; thus realistic simulation research to characterize
the human factors challenges and develop mitigations should be conducted before NextGen systems
are fielded. After NextGen technologies are in operation, it will be important to carefully monitor
operations for indicators of latent human factors problems, particularly related to the effects of stress
in normal and non-normal operations.
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The stress literature is large and variegated. We have not attempted a comprehensive review; rather,
we have focused on aspects of the literature that may shed light on how the acute stress of non-
normal situations may affect the skilled performance of pilots. (Here we use the term ‘non-normal’
to include both emergency and abnormal situations, with emphasis on situations that threaten safe
completion of a flight.) We started our literature search with existing, more extensive reviews (e.g.,
Driskell and Salas, 1996; Hamilton and Warburton, 1979; Hancock and Desmond, 2001; Hockey,
1986; Staal, 2004; Stokes and Kite, 1994), did forward searches to obtain more recent publications,
and focused our discussion on papers most relevant to our concern. Our review includes a critical
examination of the methodology of diverse empirical studies to better assess the extent to which
findings could be extrapolated from laboratory settings and—in a few cases —from naturalistic
settings to the challenges pilots face in the cockpit.

1. Stress: An Overview

Studies vary greatly in how stress is induced and manipulated, whether physiological, psychological
or even social causes of stress are used, whether or not the stress manipulation is validated, the
nature of the task performed, how performance is measured, the experience level of the participant,
and so forth. Drawing conclusions across such a multifaceted set of research findings is difficult.
Even the term ‘stress’ is not used consistently in this literature. Seyle (1956) conceptualized a
‘general adaptation syndrome’ as a common pattern of somatic responses to diverse noxious
situations, and the physiological literature seems to provide a consistent picture of two
neural/hormonal systems responding to threat: A pituitary/adrenal cortex system and a
sympathetic/adreno-medullary system, both triggered by the cerebral cortex and hypothalamus
(Biondi and Picardi, 1999; Seyle, 1956). These systems organize the body’s response in ‘fight or
flight’ situations. We were not able to find studies that explicitly characterize how these
physiological systems interact with individuals’ cognitive and behavioral responses to threat. (Some
cognitive/behavioral studies have measured physiological responding to validate that the
manipulations used actually induced stress.)

Hockey (1986), a prominent researcher in this field, stated that stress has come to be used to refer
quite generally to any unusual state or conditions of work and the responses to those conditions. In
that vein, a wide variety of manipulations have been used as stressors: workload, time pressure,
noise, sleep deprivation, fatigue, social anxiety, threat of electric shock, heat, and cold, most
commonly. This broad concept of stress and use of such diverse manipulations is problematic for our
purposes. It is not at all clear that these manipulations affect performance through the same
mechanisms and with the same outcomes as does the physical danger pilots might face in an
emergency. Consequently we adopted a more focused model of stress, one with considerable support
in recent literature: the cognitive appraisal model (Lazarus and Folkman, 1984). This model posits
that when an individual perceives potential threat to his/her well-being, the individual assesses the
nature of the threat and his/her ability to manage the situation successfully. As the challenge of the
situation rises, the individual becomes increasingly anxious, and at some point is uncertain about
managing a successful outcome. This anxiety plays a central role in altering the individual’s
cognitive processes and overall performance. Anxiety appears to pre-empt some of working memory
capacity (see Memory section) and to divert attention (see Attention section).

Attention and working memory are known as limited cognitive resources; their capacity for

processing information is quite small compared to the vast store of information in long-term
memory. For the purpose of the review we ascribe to Cowan’s (1997) model of attention and
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memory. The content of working memory (that is, short-term memory store) is generated by the
interaction of perceptual input with activation of a very small portion of long-term memory. Central
executive processes control movement of the spotlight of attention over this limited store and update
its content, holding task-relevant information readily available and updating that information.
(Involuntary processes, such as the startle reflex, also contribute to the direction of attention.)

Arousal is a concept bearing on many models of stress. This concept exists in both physiology and
psychology, although more explicitly defined in the former, in which measures such as heart rate
and EEG patterns are used. At the physiological level, arousal can be viewed as mobilization of the
body’s resources for ‘fight or flight.’

Arousal at the cognitive level is thought to represent mobilization of resources to address task
demands, although what these cognitive resources are is usually not spelled out. One wonders if, at a
cognitive level, arousal is simply increased focus on the task at hand, directing attention, working
memory, and cognitive processing in general to that task; however, there also seems to be an
affective component, perhaps akin to excitement or fear, though that aspect has not been fully
characterized. In the stress literature the relation of arousal to performance is often described as an
inverted U, with performance increasing as a function of arousal to some point and then declining.
But arousal is itself never directly measured, rather it is assumed to co-vary with some manipulation,
such as task difficulty, and the inverted U is more often presented as an idealized figure rather than a
curve of actual data points. (For critiques of the inverted U concept, see Stokes and Kite, 1994;
Westman and Eden, 1996.)

For the purpose of the cognitive appraisal model, arousal may play in two different ways. First,
when an individual becomes aware of and orients to a potential threat, cognitive resources may be
re-directed to managing the threatening situation, improving performance capability. However, to
the extent the individual is anxious over his/her ability to manage the situation, that anxiety will pre-
empt limited cognitive resources, hampering performance, perhaps increasing anxiety further. Here
the second aspect of arousal may come into play: The individual may become aware of the body’s
physiological responses, such as increased heart rate and force, labored breathing, and muscular
trembling, further drawing attention away from task management and further increasing anxiety.

Most studies of the effects of stress on human performance have been conducted in laboratory
studies in order to provide controlled manipulations and well-defined measures of effect. However,
for multiple reasons, the limitations of laboratory studies make it difficult to extrapolate their
findings to understanding the effects of stress on the skilled performance of pilots. One reason was
already stated previously: It is not clear that some manipulations work primarily by inducing stress
(as we have defined it in the cognitive appraisal model)—or even at all by this route. And to the
degree that they do induce stress, it is not clear that the intensity of stress in laboratory
manipulations can approximate the stress from threats to physical survival, given the different nature
of the manipulations and ethical limits to how one must treat research participants.

Consider workload, a manipulation frequently used. Increasing workload may induce increased
arousal (e.g., mobilization of resources), helping the individual focus on task demands. The
individual may exert increasing effort to manage the rising workload, maintaining performance by
improving efficiency (reducing the pauses between task steps and reducing the amount of time spent
on each step). (Effort is a subjective feeling state evoked when one must concentrate on demanding
tasks; Kahneman, 1973.)
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At this point we are not dealing with deleterious effects, but as workload continues to rise, the
individual faces a dilemma: It may not be possible to maintain an adequate level of performance.
Two things may result, only one of which we consider a ‘stress’ effect per se. First, the individual
may alter his performance strategy. In a simple laboratory task, the only adaptation possible may be
to trade accuracy for speed, but in more complex tasks, as most in the real-world are, adaptation may
involve giving priority to more important aspects of the task (or tasks) and attending less to less
important aspects or abandoning them altogether. This strategic change may be deliberate and well
controlled, allowing graceful decline in overall performance or it may be erratic and lead to
catastrophic degradation of performance. The second effect of excessive task demands may be
anxiety about the individual’s ability to perform adequately, with the anxiety taking up critical
cognitive resources, causing performance to deteriorate further. It is this second effect we are
inclined to label stress. Both effects may operate together, and it is difficult to know which is
causing what.

Still another aspect comes into play if the individual must maintain high levels of effort for
prolonged periods: ‘mental’ fatigue, also a subjective feeling state, accompanied by declining
performance. This decline often appears as erratic performance; periods with high error rates and/or
low output, alternating with effective performance. How long individuals can maintain high effort
presumably varies with the individual and the nature of the task, but at very high levels, it seems to
be more a matter of minutes than hours.

This workload example illustrates the challenge of determining what aspects should be considered
‘stress.” Of course, one could simply lump all of these effects of high workload together as stress —
as many researchers seem to do—but this encounters an issue that has not been well addressed in the
literature. The several effects may alter performance in fairly different ways, depending on the
nature of the task and the characteristics of the individual. For example, individuals may be able to
manage workload per se strategically, maintaining high levels of performance of the more crucial
aspects of the situation, but anxiety pre-empts working memory capacity and misdirects attention,
undercutting the individual’s ability to work strategically. And if one wishes to find ways to
ameliorate stress effects, the techniques that might work best for (what we define as) stress may not
be the same as techniques for managing high workload. Time pressure as a stress manipulation
raises many of the same concerns as workload.

An alternative view to that discussed above is that certain kinds of workload manipulation may
mimic the effects of anxiety on working memory and attention. For example, giving an automobile
driver a secondary mental computation task requires dividing attention and occupies a portion of
working memory (Matthews, Sparkes, and Bygrave, 1996). This may closely mimic the effects of
anxiety or may differ drastically, depending on exactly how anxiety and the secondary task operate.
Unfortunately, we know of no studies directly comparing effects of the two kinds of manipulation.

We have no neat solution for the issue of what stress encompasses; we can only suggest that
researchers think carefully about what it is they are manipulating and about how to interpret results
of studies. It would be helpful if all studies included physiological measures and self-reports of
stress. Research is needed to determine whether classic ‘fight or flight’ physiological indicators rise
gradually with the challenge of a situation or appear only when anxiety occurs.
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Noise seems to be the manipulation most commonly used in laboratory studies, and here also one
must be concerned with the possibility of multiple effects, not all of which we are comfortable with
calling stress. Obviously, noise may directly divert attention or interfere with processing of
information by over-riding perceptual and attentional channels. And it is not clear how to categorize
the irritation that noise produces, perhaps through the difficulty it causes in maintaining attention on
task.

Some manipulations we feel should not be categorized as stressors at all, in particular, sleep
deprivation and fatigue. Inadequate sleep has very direct physiological effects that in turn alter
cognitive processing, in ways that may even be the opposite of stress effects. For example, fatigue
tends to lower arousal, whereas stress tends to raise it (Stokes and Kite, 1994, pp. 235-268).

The manipulations that in many ways seem closest to, though much milder, than physical danger are
social anxiety —induced, for example, by public speaking—and the threat of electric shock. Both
produce anxiety that may capture limited cognitive resources.

Many laboratory studies have not included any verification that the manipulation in fact induced
stress, apparently assuming that the manipulation works because manipulations of that general type
have been generally accepted as appropriate in previous studies. Some studies use subjective reports
from participants, but one should be cautious in accepting such reports because lay people seem to
have broad and fuzzy concepts of what constitutes stress. We regard as most useful those relatively
few studies that include a physiological measure, both because this provides a measure of validation
and the possibility of assessing the degree of stress.

As will be apparent later in this review, stress studies have used a very wide range of quite diverse
dependent measures of stress effects. See, for example the diverse tests assumed to measure
selective attention (Attention section). These measures reflect quite different modes of information
processing, and it is not at all clear that they share a common cognitive mechanism. We are aware of
no studies that systematically compare the effects of a particular ‘stressor’ on multiple types of
measures of a particular aspect of cognition, such as selective attention or working memory.
Conversely we are aware of no studies that systematically compare the effects of multiple types of
stressors on a particular cognitive function. (Needless to say, it would be difficult to devise such a
study.)

The dependent measures used in laboratory studies of stress typically use very simple tasks, such as
tracking one or more objects on a screen with a joystick. The tasks pilots perform are of course more
complex and varied, generally requiring more skill. Further, pilots must manage multiple tasks
concurrently, shifting priorities and timing of actions as a function of the current situation. Pilots are
highly practiced at most of their normal tasks; thus execution involves a substantial degree of
automaticity. However, some aspects, such as some kinds of decision making, depend heavily on
controlled processing and make heavy demands on working memory. Non-normal situations can be
challenging because they add additional tasks and procedures, and these must be integrated with
normal procedures in ways that cannot entirely be predicted in advance. And non-normal procedures
are much less practiced than normal procedures, thus these situations make heavy demands on
limited cognitive resources such as attention and working memory. Few laboratory studies have
examined the effects of stress on expert performance of complex tasks. All in all, extrapolation from
typical laboratory studies to real-world flight operations is of necessity rather speculative and must
be done with great caution.
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Individual differences can play a large role in responding to stressful situations. Trait anxiety is the
most commonly studied individual difference in laboratory studies. Individuals who score high on
this trait may experience anxiety both in relatively low-demand situations and in more demanding
situations in which they are otherwise quite competent, and this anxiety may undermine
performance. (But, as an aside, performing artists and athletes debate whether some level of anxiety
is good, enhancing performance.) Skill and experience performing combinations of complex tasks is
a crucial individual difference; unfortunately, few studies have examined this aspect. (However, see
the section of naturalistic studies, which sometimes compare two levels of experience.)

Two types of studies help close this gap between the laboratory and actual flight operations
somewhat: Experiments with flight simulators and studies of human performance in real-world
stressful situations, such as military training. The latter of these two, naturalistic studies, are
discussed in a later section. Although these naturalistic studies provide valuable insights, they are
limited in that the stressful situations are often rather complicated; for example a military training
exercise may involve heavy physical exertion, sleep deprivation, threats to personal safety (and least
simulated), potential social anxiety (performance evaluation), and even boredom interweaving over
hours or days. In such an environment, it is hard to separate out the effects of stress from other
factors affecting performance. On the other hand, such naturalistic studies have the potential to
provide detailed assessments of alterations in performance of real-world tasks, combined with
performance on standardized cognitive performance batteries.

We cite several studies using pilot performance in flight simulators in the respective sections on
specific cognitive functions. This type of study has great potential for examining, in stressful
conditions, pilots’ performance of actual flight tasks and combining this with measures of
performance on cognitive test batteries. Unfortunately, only a handful of these studies have been
conducted, almost all in general aviation flight simulators, and these typically have looked at only a
few aspects of pilot performance and have not combined these aspects with cognitive test batteries.
Cost, of course, limits scientists’ access to sophisticated transport category aircraft simulators and to
professional pilots. Nevertheless, much could be learned from more extensive studies with general
aviation simulators.

2. Attention and Stress®

Attention has multiple aspects, defined almost as much by experimental methods as by inherent
cognitive processes. For our purposes we use the term ‘attentive processing’ to refer to a form of
information processing required when tasks involve novel aspects, difficulty or danger. The capacity
of attentive processing is quite limited —basically one can attentively process only one stream of
information at a time; thus managing more than one task requiring attentive processing necessitates
switching attention back and forth among the tasks. The moment-to-moment focus of attention
corresponds roughly to the contents of our conscious awareness and in one view constitutes a subset
of the contents of working memory (Cowan, 1997). Focused attention has been compared to a
spotlight that moves about among sources of information, as a function of task demands and the
individual’s goals, and this movement is partly deliberate and partly unconscious/automatic. (Note

® This review does not attempt to describe the many and varied studies on this topic; rather it
provides a representative sampling focused on the principle issues.
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that the control of attention probably overlaps with the executive component of working memory,
discussed in a later section.)

In contrast to attentive processing, performance of highly practiced tasks with few or no novel
aspects becomes largely automatic, requiring little conscious control (Salings and Phillips, 2007;
Schneider and Chein, 2003; Schneider and Shiffrin, 1977; Shiffrin and Schneider, 1977). However,
real-world tasks (e.g., driving) probably require some small amount of attentive oversight, if only to
check that automatic processing is achieving the individual’s goals.

Almost all studies of the effects of stress on attention have addressed processing of visual
information, rather than processing of other sensory modalities. Selective attention is one aspect of
attention that scientists study, which is the ability to attend selectively to one source of information
while ignoring other sources. One of the most frequently reported findings in the stress literature has
been narrowing of perceptual scan, sometimes known as tunneling (Staal, Bolton, Yaroush and
Bourne, 2008). Easterbrook (1959), in an often-cited review, asserted that under emotional arousal
individuals narrow the range of cues utilized. Hockey (1970a; 1970b) used loud noise as a stressor in
an experimental study in which participants were required to perform a centrally located tracking
task and at the same time monitor for the occasional illumination of several lights placed
peripherally in the visual field. In the presence of noise, performance on the central tracking task
improved while monitoring of the peripheral lights decreased.

Weltman, Smith and Egstrom (1971) conducted a similar study using simulated dives in a pressure
chamber to induce anxiety in novice divers. Increased heart rate and subjective ratings indicated the
manipulation was effective, and detection of peripheral lights declined without a change in
performance of the central task.

Baddeley (1972) suggested that this attentional tunneling might explain results of other studies in
which individuals in real-world situations involving physical danger performed more poorly as a
function of the degree of perceived danger. For example, Baddeley cited several studies in which
divers performed worse in the open sea than on land in tasks such as transferring bolts from one set
of holes to another set. Hammerton and Tickner (1968) had Army parachutists at three levels of
experience perform a visual tracking task well before, just before, or after a jump and found that
performance of the less experienced parachutists declined just before the jump, presumably due to
anxiety. Experienced parachutists did not show this decline. Obviously, these several studies do not
show whether the decrements in performance in the presence of danger-related anxiety resulted from
attentional tunneling, but it seems likely that some form of disruption of attention played a role.

In a laboratory study, Bacon (1974) used the threat of electric shock to induce anxiety in participants
and found impaired performance on a pursuit-rotor tracking task, apparently due to restriction of the
range of perceptual cues used by the participants.

The mechanism by which stress narrows the spatial range of perceptual cues utilized is not known.
The experimental paradigms used by Hockey (1970a) and by Weltmann et al. (1971) required
participants to perform dual tasks, dividing their attention between the central task and the
peripherally-cued task. Stress might impair performance on the peripheral task by disrupting or pre-
empting the executive control processes necessary to switch attention between tasks. Since the
central task was more continuously active than the peripheral task, lack of executive control might
have left the central task as a default. Hockey (1979) proposed on the basis of several studies that
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stress increased attentional focus on the dominant aspects of a task, with reduced attention to less
prominent aspects.

Several studies of eye-witness testimony (e.g., Loftus, Loftus, and Messo, 1987) have demonstrated
‘weapons focus’ in which crime witnesses pay increased attention to a weapon used in a crime and
are less able to recall other aspects of the event, such as an assailants’ face. In laboratory studies, this
selective attention effect may be simply due to the fact that individuals’ attention tends to favor
emotionally valenced objects (Dijksterhuis and Aarts, 2003), although actual crime victims very
probably experience stress as well.

Studies reporting attentional tunneling are not limited to narrowing of the spatial range of perceptual
cues utilized. Several investigators have examined the effects of stressors on performance in the
Stroop test. This test requires participants to ignore the intrusion of a highly automatic response to a
stimulus cue while evaluating some aspect of that cue. For example, participants might be required
to state the color of the ink of a word that spells out a color. When the spelled color is different than
the color of the ink, responding is greatly slowed; participants must effortfully suppress the
automatic tendency to say the name of the color spelled out. (Seeing a word naming a color
automatically retrieves the name of that color from long-term memory into awareness.) Houston
(1969) found that distracting levels of noise improved performance on the Stroop test, apparently
reducing the distracting intrusion of the (irrelevant) word color name. Chajut and Algom (2003)
reported that a combination of time pressure, task difficulty and noise also improved Stroop
performance. Hu, Bauer, Padmala, and Pessoa (2012) reported two opposing effects of the threat of
electric shock on Stroop performance: a general slowing of responding, and a lessening of
interference from the irrelevant aspect of the stimulus cue.

The results of studies of Stroop performance under presumed stress have generally been interpreted
as supporting the concept of attentional tunneling as a broad phenomenon (e.g., see Stahl, 2004). Yet
some caution in interpretation is appropriate since the cognitive mechanism underlying these results
is not known. Simple disruption of attentional control or pre-empting attentional capacity might have
been predicted to impair Stroop performance, since correctly performing this test requires
individuals to actively suppress a strong automatic response. Indeed, Keinan, Friedland, Kahneman,
and Roth (1999) reported that socially-induced stress increased interference from non-relevant
information in the Stroop task and several other Stroop-like tasks.

Morelli and Burton (2009) used exposure to disturbing photographs to stress participants who were
then required to perform a multi-object tracking task in which several objects to be tracked were
flanked by an array of moving distractors. Performance of stressed participants was lower than that
of controls, presumably because stress increased interference from distractors. Thus, in contrast to
previously discussed studies, this study found decreased selectivity of attention under stress.
Obviously, the apparent conflict in findings may have resulted from the large differences in the
‘stressors’ and in the measures of performance used.

Still another laboratory paradigm, negative priming, has been used to explore the effect of stress on
individuals’ ability to ignore task-irrelevant information. In this paradigm, a cue is attended on one
trial but is to be ignored in favor of a different cue on the next trial. Negative priming occurs when
responding to the new to-be-attended cue is slowed in the presence of the old cue as a distractor.
(Our description greatly simplifies a somewhat complex paradigm.)
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Two studies have reported that stress increases negative priming, apparently by reducing
participants’ ability to inhibit task-irrelevant information. Skosnik, Chatterton, Swisher, and Park
(2000) used a demanding video game as a stressor before the negative priming test, and Braunstein-
Bercovitz (2003) used difficult-to-solve arithmetic problems as the stressor. These findings, like
those of the discrepant Stroop test studies, suggest that whether stress decreases or increases
interference from task-irrelevant information depends heavily on the nature of the task performed
(and perhaps on the stressor used, not to mention characteristics of the individual).

Plessow, Schade, Kirschbaum and Rischer (2012) examined the effects of psychosocial stress on
dual-task performance in which participants were to give priority to one of the tasks. Both tasks
were very similar visual judgment tasks, thus interference to the higher priority task was expected
from cross-talk with the lower order tasks. Stressed participants showed greater interference from
the lower priority task.

In one of the few studies on selective attention to other than visual information, Al’Absi, Hugdahl,
and Lovallo (2002) reported that stress induced by public speaking improved dichotic listening:
Participants under stress were better able to ignore auditory input to the unattended ear.

In additional to the early studies of stress effects in naturalistic settings described above, several
more recent studies have reported effects on attention. Lieberman, et al. (2005) gave Army officers a
battery of cognitive tests after a 53-hour combat training exercise conducted in heat and allowing
little sleep. Performance on a measure of attention and on all other cognitive measures deteriorated
during the exercise. Morgan et al. (2006) reported that highly-trained special operations solders’
ability to copy and recall the Rey Ostereith Complex Figure deteriorated substantially during
survival training (an extremely demanding course). Performance on this test depends heavily on
attention, although probably in a complex way.

Prospective memory refers to cognitive processes involved in remembering to perform tasks at the
appropriate time without explicit prompting (Dismukes, 2012). The term is something of a
misnomer, in that attentional processes are involved in addition to memory. To remember to perform
a task at the appropriate time, an individual must notice some cue associated with the intended
action, and that cue must trigger retrieval of the action from long-term memory. The more salient the
cue and the more extensively it is attended and processed, the more likely retrieval will occur. No
studies of effects of stress on prospective remembering have been reported, but almost certainly
remembering is impaired when management of attention and depth of attentive processing are
disrupted.

2.1 Implications for Pilot Performance in Non-Normal Situations

The great majority of studies of stress effects on attention have used laboratory paradigms, involving
several types of stressor and diverse dependent measures of how attention is affected’. Thus it is
clear that stress in laboratory settings alters attention, however it is not clear these effects follow any
single, unifying pattern. Several studies report stressed individuals pay reduced attention to
information spatially displayed peripherally to a centrally-displayed task, but the extent of this

? As noted in our introduction, one should be cautious in assuming that effects of some of these
manipulations are primarily due to ‘stress.” Manipulations such as workload may directly affect
attention—and stress may or may not occur secondarily.
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phenomenon has not been explored extensively: In what range of tasks does this occur and for what
ranges of eccentricity and for what types of information?

Early hypotheses that stress increases focus on dominant or most relevant aspects of a task are not
consistently supported by conflicting results in different laboratory paradigms. What one might
conclude from diverse studies is that stress alters the relative amount or weighting of attention given
to multiple sources of information as a function of the specific nature of the task and how those
sources of information are used in the task. Depending on the specific task, processing might be
improved or impaired. The several studies that used tracking of objects, especially multiple objects,
in conjunction with all the other studies discussed here, suggest that individuals under stress are
generally less able to manage effectively how they distribute attention as a function of task
requirements.

Studies of naturalistic situations, such as highly stressful military exercises, show impairment of
laboratory measures of attention, but so few measures of attention have been used that one can say
little about how attention is affected other than it is impaired. Also, multiple factors, such as fatigue
and sleep loss, may affect performance through multiple mechanisms in these studies.

Generally consistent with both diverse laboratory studies and naturalistic studies is a cognitive
model of threat appraisal (discussed in the introduction) in which anxiety occupies working memory
and disrupts executive control of attention.

Extrapolating from diverse laboratory studies and a handful of naturalistic studies with military
personnel to the cockpit performance of pilots must be largely speculative. Pilots perform a wide
range of tasks in which attention is critical, but those tasks are far more complex than the tasks of
laboratory paradigms, and they draw upon the various aspects of attention in complex ways that
have not been characterized to any great extent. Pilots must continually shift attention among tasks,
whose priorities shift dynamically, and pilots sometimes must perform several tasks concurrently
(Loukopoulos, Dismukes, and Barshi, 2009). Many of the tasks they perform are highly practiced
and become largely automatic.

Non-normal situations impose new task requirements, and these tasks may have been practiced
infrequently or not at all. Further, pilots must integrate these new task demands with normal
procedures; multitasking and workload increase, as well as time pressure in some situations. Thus
effective management of attention is vital.

Attentive processing may be either impaired or improved in simple laboratory settings, but effective
management of attention in more complex real-world settings seems likely to be more or less
universally impaired. One cannot predict with confidence how pilots’ management of attention will
be disrupted in a particular situation; indeed it seems likely the form of disruption will vary with the
situation. A pilot might become fixated on one task or one aspect of a task and neglect other tasks,
but might also become distractible, unable to focus adequately on any one task. Prioritizing and
directing attention among competing task demands is likely to be vulnerable under stress. A pilot
might not adequately process a source of information, such as an airspeed indicator, that normally he
or she would process easily. Multitasking ability will very probably decline, sometimes drastically.
Other than the stress management training discussed later in this report, few studies have explored
specific countermeasures to help pilots avoid disruption of attentive processing under stress. In
general, interfaces, procedures, checklists, and training should be designed to help pilots direct
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attention appropriately as a function of task demands of the moment and to help pilots keep track of
where they are in tasks.

3. Startle and Surprise

Non-normal situations sometimes start with a sudden event such as a master caution warning, an
uncommanded lurch of the aircraft, or a loud noise. Such salient sensory stimuli trigger a hard-wired
response in individuals, who automatically orient to the stimulus, undergo physiological arousal, and
experience an emotional state akin to fear; these responses are collectively called the startle response
(Thackery, 1988). This response momentarily interrupts the individual’s ongoing activity. If the
individual recognizes the nature of the event, he may be able to quickly evaluate the situation and
summon an appropriate response from memory. If the situation is not familiar and seems potentially
threatening, stress may quickly follow.

Some non-normal situations evince themselves without a salient abrupt event; for example,
gradually rising engine oil temperature. Unexpected events surprise pilots (or other professionals)
because what happens in the environment does not match the individual’s mental model of the
situation and of what is supposed to happen (Kochan, Breiter and Jentsch, 2004). Here, too, if the
situation seems threatening, and the individual cannot quickly recognize what to do, stress is likely
to occur because of the uncertainty of outcome. Re-orienting attention to the startling or surprising
event, combined with growing stress, may cause the individual to stop managing ongoing activities
or to not evaluate the overall situation.

4. Memory

Scientists have identified many aspects of memory, defined in terms of both the presumed
underlying function and the type of laboratory paradigm used. Most of these aspects fall beyond the
scope of this study; here we focus on just three aspects: Acquisition of new information to be used in
ongoing tasks (e.g., a flight clearance), processing of this new information, and retrieval of well-
established information from long-term memory (e.g., the procedure for programming clearances
into the flight computer). Working memory, discussed next, is involved in all three of these aspects.

4.1 Working Memory

“Working memory is so central to human cognition that it is hard to find activities where it is not
involved” (Ericsson and Delaney, 1999, p. 259). Working memory is conceived as the active
processing system in memory, serving as a kind of mental workspace. It temporarily keeps readily
available a small set of information from the environment or from long-term memory so that that
information can be manipulated and used in performing diverse tasks. It is working memory that
allows one to focus on a central task and execute the required operations while excluding
information not relevant to the task (Conway et al., 2007; Kane and Engle, 2000; 2002).

Working memory consists of two distinct components: a storage component, consisting of
temporarily activated and readily available information, and a central executive system that supports
goal-directed behavior by manipulating information, shifting attention within or between tasks, and
selecting among competing responses (Baddeley, 1986; Conway et al., 2007). Thus the functions of
working memory and attention overlap considerably. In contrast to the vast store of long-term
memory, the capacity of working memory is quite limited; no more than handful of items can be
actively maintained at one time.
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4.2 Stress Effects on Memory

Eysenck and Calvo (1992) proposed that individuals under stress worry about the stressful situation
and this worry reduces the availability of working memory storage and processing capacity for
dealing with ongoing tasks by competing for these limited cognitive resources. Multiple lines of
evidence in subsequent years support this view.

One line of research has used individual differences in math anxiety. Individuals high in math
anxiety, independently of their level of math knowledge, perform computations more slowly and
less accurately than individuals low in math anxiety (Ashcraft, 2002; Eysenck, 1997). Ashcraft and
Kirk (2001) found that high math anxiety participants showed lower scores on several measures of
working memory span, raising the question of whether anxiety lowered working memory scores. By
partialling out the degrees of correlation of computational span (of working memory) and of
language-based span (also working memory) with level of math anxiety (measured by
questionnaire), Ashraft and Kirk (2001) determined that it was the computational span of working
memory that was affected by math anxiety. On the basis of this finding and other studies, the authors
concluded that math anxiety undercuts math performance by temporarily diverting limited working
memory resources into worry and intrusive thoughts.

Similarly, Beilock (2008) studied the relationship between working memory capacity and math
performance under stressful conditions. He found that although individuals who were high in
working memory capacity were better equipped to manage the high demand situations that were
working memory intensive, they were also the ones who were more likely to be adversely affected
under stressful situations. Performance decrements were found only in high working memory
individuals under high demand and high pressure situations. Beilock concluded that the worries that
accompany a stressful situation consume the working memory resources that higher working
memory individuals rely on for their superior performance.

Al’ Absi, Hugdahl and Lovallo (2002) also drew upon individual differences in stress responding, by
measuring cortisol secretion while participants were performing prolonged mental arithmetic.
Participants who secreted higher levels of cortisol —presumably because they experienced higher
levels of stress—made more arithmetic errors and performed more slowly.

An implication of these studies is that individuals with high working memory capacity might be less
vulnerable to stress because they would have more spare capacity even when some of their working
memory is occupied by worry. A study by Johnson and Gronlund (2009), drawing on individual
differences in both trait anxiety and working memory span, supports this conclusion. Participants
performed a highly demanding dual task, and correlations among trait anxiety, working memory
span, and task performance were examined. Participants with average to low working memory span
performed the dual task much more poorly if they were also high in trait anxiety, but participants
with high working memory span were to a large degree buffered against the effect of anxiety.

A study by Luethi, Meier, and Sandi (2009) illustrates another approach in studying the effects of
stress on memory. Social anxiety/stress was induced by the Trier Social Stress Test (TSST), which
participants are told simulates a job interview. Participants are required to deliver a free speech and
perform mental arithmetic before an audience that appears to evaluate performance. TSST has been
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shown to produce the physiological'® and subjective manifestations of stress reliably. Immediately
following the 25-minute exposure to the TSST, participants were given a series of different memory
tests that examined aspects of working memory, explicit verbal and spatial memory, implicit
memory (priming), and classical conditioning''. Working memory performance (measured by
reading span) of TSST participants was significantly lower than that of controls. (Effect size was not
reported, but appears to be modest.) Explicit verbal memory was not affected, however the authors
suggest that a negative effect of stress on memory retrieval may have cancelled out a positive effect
on acquisition/consolidation of memory, since both acquisition and retrieval occurred in a few
minutes after the TSST. (Previous studies have reported that stress has opposite effects on
consolidation and retrieval.) TSST participants showed improved spatial memory (here, too,
acquisition and retrieval both occurred under residual stress) and increased classical conditioning of
negatively-valenced stimuli.

A similar study by Schoofs, Preuss, and Wolf (2008) also found working memory impairment after
the TSST, with both reduced accuracy and increased reaction time on the n-back paradigm, which
emphasizes monitoring and updating of working memory. An interesting aspect is that the size of the
working memory effect and the physiological measures of stress (salivary cortisol and alpha-
amylase) declined roughly in parallel over time.

Still another approach in the neuroscience literature has been to administer corticosteroids to
participants to mimic at least some of the physiological manifestations of stress (see Het, Ramlow,
and Wolf, 2005, for a review). An obvious issue with this approach is whether this physiological
manipulation produces a subjective experience of stress comparable to that caused by threat or
anxiety. Lupien, Gillin and Hauger (1999) infused participants with several levels of hydrocortisone
and examined working memory and declarative memory performance. At the highest dosage,
working memory, as measured by an item recognition task that taps central executive function, was
impaired, but declarative memory was not.

Lupien et al (1999) measured declarative memory by recall of learned paired word associates, in
such a way that potential effects on acquisition and recall, 15 minutes later, could not have been
disambiguated. However, de Quervain, Roozendaal, Nitsch, McGaugh and Hock (2000)
administered cortisone immediately before learning, immediately after learning, or shortly before
testing for recall and recognition of paired word associates. Acquisition (learning) was not affected,
nor was recognition memory, but recall was substantially reduced. Newcomer et al. (1999) also
observed a decrease in declarative memory performance in participants administered a cortisol dose
corresponding to high levels of stress over one to four days, but no decrease was observed in
participants given a lower dose corresponding to mild stress. It is not clear to what extent this
extended elevation of cortisol would mimic the effects of acute stress that might be experienced in a
cockpit emergency.

"% Increased activity in the sympathetic nervous system followed by increased activity in the
hypothalamic-pituitary-adrenal axis.

""" A methodological limitation with this study is that testing of memory effects occurrd after the
psychological manipulation of anxiety ended. (Testing took about 56 minutes overall.)
Physiological manifestations of stress remained high, but the social threat was over, and we do not
know how long participants may have perseverated in thinking about this social threat.
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Diverse studies strongly support the argument that stressful situations engender worry and intrusive
thoughts that pre-empt working memory functioning to some degree. This finding has strong
implications for the performance of pilots (and other professionals) in non-normal situations because
those situations typically confront the individual with multiple task demands that, in aggregate,
make heavy demands on working memory.

Several studies also suggest that declarative memory is also impaired under stress, but because most
of these studies manipulate cortisol levels directly rather than by using psychological manipulations,
some caution is required in extrapolating to cockpit situations. Also, the extent to which
performance on the dependent measure of declarative memory (e.g., recall of a recently read
paragraph) would parallel pilots’ recall of long-term declarative memory (e.g., recalling memory
items from an emergency checklist) is not known. Nevertheless, in part because recall from long-
term declarative memory itself depends on working memory to some degree, it would be reasonable
to assume that in an emergency pilots’ ability to draw upon long-term memories to deal with the
situation would be impaired to some degree.

Individual differences in cognitive abilities and traits are potentially quite relevant to performance
issues in non-normal situations. It is reasonable to assume as a working hypothesis that pilots high in
working memory span might be somewhat less susceptible to stress impairment and pilots high in
trait anxiety somewhat more susceptible. However, this hypothesis should be directly tested in a
pilot population, and we might suspect that as a group pilots may tend to be a bit higher than average
in working memory capacity and less likely to have trait anxiety. Also, it may be worth noting that
the executive component of working memory is highly correlated with measures of fluid intelligence
(Engle, 2002), thus the often-repeated pilot’s statement, “Under stress my IQ goes way down” may
be literally true.

These research findings have strong implications for the design of interfaces, training and
procedures to help pilots deal with non-normal situations. Designers should assume that, in addition
to facing unusual combinations of task demands, pilots may be cognitively impaired to some degree,
less able to seek out, process and assess information; manage concurrent tasks, and reliably recall all
that they know. Checklists can be designed to provide the stressed pilot more explicit guidance in
executing procedures and in navigating through long checklists. Similarly, cockpit systems displays
can be designed to better help pilots keep track of where they are in procedures and what remains to
be done and the status of multiple systems.

5. Skilled Performance

Surprisingly, little of the empirical literature explores how stress might affect performance of highly
practiced skills. Much—perhaps most—of what pilots and other skilled professionals do consists of
performing highly practiced tasks. As discussed in the introduction, non-normal situations impose
novel conditions and novel combinations of tasks, yet even when dealing with emergencies pilots
are largely performing practiced tasks, albeit under unusual conditions.

Hancock (1986) reviewed early studies on the effects of high environmental temperatures (a
condition relevant to some military operations and a manipulation used in some laboratory stress
studies) on skilled performance of Morse code operators, navigation and piloting performance, and
laboratory tasks. He concluded that more skilled operators showed less decrement of performance
than less skilled operators, presumably because greater expertise allows tasks to be performed
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through automated processing, making fewer demands on limited cognitive resources required for
controlled processing.

Although caution is required in extrapolating from thermal stress to anxiety/threat-based stress,
Hancock’s conclusion is consistent with what is known about automated processing. Schneider and
Chein (2003) found that automatic processing is more resistant to stressors, such as fatigue and high
workload situations, than controlled processing. In general, highly practiced skills are more robust
than skills drawing heavily on limited cognitive resources, presumably because over-learning causes
more elaborate representation in brain circuits (Schneider and Detweiler, 1988).

In their study of pilot judgment, Wickens, Stoke, Barnett and Hyman (1991) found judgments
requiring direct retrieval of facts from long-term memory to be relatively unimpaired by stress.
However, retrieval of information that is not well learned is apparently much more vulnerable to
stress effects than deeply learned information (Eysenck, 1976). Stokes (1995) reported that the flight
simulation performance of novice pilots deteriorated under stress but the performance of highly
experienced pilots did not. The non-flying domain performance of both groups declined equally
under stress, supporting the interpretation that it is expertise that protects against stress effects. In a
similar vein, Smith and Chamberlin (1992) found that requiring soccer players to perform a
cognitively demanding task impaired the soccer performance of experienced players less than that of
players with more modest experience.

In one kind of situation the skilled performance of experts may be especially vulnerable to
disruption by stress. Skilled performers sometimes ‘choke’ when they focus intently on a highly
practiced task, inadvertently replacing the highly automated sensory-motor routines with less
efficient controlled processing of the task (Svoboda, 2009). This would seem to be more of an issue
for athletes and musical performers than civil aviation pilots, but one could imagine a stressful
situation, such as landing a crippled airplane, in which over-thinking could impair execution of task
aspects requiring precise sensory-motor performance.

Although it seems probable that highly-practiced, highly automated skills are per se less vulnerable
to disruption of stress than are tasks drawing more heavily on controlled processing, in reality skilled
performance may be more negatively affected than one might expect from the automated/controlled
processing perspective. In real-world settings, such as aviation, performance of practiced tasks does
not take place in isolation; the human operator must decide when/whether to initiate a skilled task,
evaluate how well it is working, perhaps modify how it is employed, and integrate it with
performance of other tasks. All this draws heavily on controlled processing, so in stressful non-
normal situations how automated skills are deployed might well be impaired. This crucial aspect has
not been well addressed in previous studies, but should be considered in future research.

6. Human Decision Making under Stress

Formal investigations into the cause of aviation accidents often conclude that pilot error in judgment
or decision making was a contributing factor. The normally good decision making of pilots failed in
some respect, perhaps due to the stress of an unusually demanding operation or a non-normal
situation. Our goal in this section is to review the effects of stress on judgment and decision making
and try specifically to better understand how and when decision processes fail under stress. We
begin by briefly reviewing the scientific study of human judgment and decision making, how it is
defined and studied in laboratory settings, and the basic research findings on human judgment. We
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then examine what is known about the effects of stress on decision making. Our interest lies
specifically in the sort of judgment and decision making that occur in the cockpit, and so throughout
this review we attempt to relate research findings back to the cockpit situation

Several sources of data exist for studying the effects of stress on decision making. NTSB accident
reports offer a rich source of information about the details of the events along with carefully
analyzed accounts and explanations of their causal factors. However, they do not serve well as a
primary source of research information about human decision making because they are limited by
the small numbers and uniqueness that necessarily accompany case studies. Instead, we have used
laboratory studies of stress and decision making as a primary source. Although not without their own
limitations, such as small sample sizes, small effect sizes, and limited realism (Wickens, 1996),
laboratory studies are more likely to offer generalizable findings.

6.1 What is Decision Making?

Judgment and decision making are broad category labels that include cognitive processes such as
reasoning, selecting, diagnosing, inferencing, prioritizing, integrating, predicting, etc. The study of
human decision making by behavioral scientists has occurred within several different frameworks or
paradigms, where each one defines differently the questions of interests, appropriate methods of
investigation, and theoretical perspectives. One way to see the breadth of the field is to consider the
reviews of judgment and decision making in the Annual Review of Psychology over the last several
decades (Edwards and Fasolo, 2001; Einhorm and Hogarth, 1981; Gigerenzer and Gaissmaier, 2011;
Hastie, 2001; Mellers, Schwartz and Cooke, 1988; Pitz and Sachs, 1984; Weber and Johnson, 2009).
These seven reviews cover a broad spectrum of topics ranging from classical decision theory to
cognitive processes in decision making, judgmental heuristics, and more recently mindfulness in
decision making. The subtopics in one review rarely overlap with subtopics in other reviews.

Even more disheartening for the current review, the term stress occurs only about a half dozen times
across all seven reviews, primarily limited to a single review, where the topic is given only cursory
coverage. Clearly the topic of stress and human decision making has not been given much attention
in the basic psychological literature.

Although the terms judgment and decision making have been distinguished, where judgment is
sometimes viewed as more subjective and dependent on experience, knowledge or even wisdom,
and decision making as the more objective selection of an action, this distinction is not common in
the scientific literature and so in this review we will primarily use the term decision making.
Decision making is a higher-order cognitive process as opposed to more elementary cognitive
activities such as perception, memory, and attention. However, this distinction is nonexclusive
because higher-order processes necessarily rely upon elementary processes for their completion.
Hence, decision making cannot be studied independently of these more primitive cognitive
processes.

In practice, decision making corresponds to certain intellectual tasks that occur in real-world
contexts. Medical diagnosis, predicting stock prices, and reading and interpreting x-rays are all
prototypical decision tasks. In the cockpit is a host of flight-related tasks that are decisional in
nature: diagnosing the cause of a hydraulic failure, recognizing the consequences of a shorted
circuit, prioritizing tasks during an emergency, evaluating alternative airports, judging the severity
of a thunderstorm, etc.
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A central feature of decision making is uncertainty (Arkes and Hammond, 1986). The source of this
uncertainty can be unreliable information cues, a probabilistic relationship between cues and a
predicted criterion, an uncertain state of the world, etc. Traditionally, it is uncertainty that
distinguishes decision making from other higher-order cognitive processes such as problem solving.
Uncertainty is clearly an element of decision making in the cockpit, particularly during the
occurrence of non-normal events.

6.2 Laboratory Tasks Used to Study Human Decision Making

Decision making, as with any cognitive process studied scientifically, becomes operationally defined
by the laboratory tasks used to study it; decision making is what subjects do in decision-making
tasks. Various laboratory tasks have been created over the years to study human decision making,
including gambling, predicting odds, answering questions about hypothetical scenarios, estimating
correlations between variables, solving deductive reasoning tasks, and so forth (Hogarth, 1987). At
times these tasks have obvious face validity to realistic decisions, but rarely are they formally
validated by correlating performance on a laboratory task to a real-world situation. In any case, the
bulk of the scientific study of human decision making has occurred with such laboratory tasks.

One characteristic of most decision tasks studied in the laboratory is that they can be performed by
the typical study subject, a college student, after only a few minutes of instruction. In addition to
convenience, tasks that allow decision processes to be studied independently of subjects’ knowledge
might have the advantage of focusing on basic, generalizable processes. But knowledge-lean tasks
have a clear shortcoming. Most real-world decisions are made by experts using their domain
knowledge to make decisions. This is certainly true for commercial flying. Further, studies of the
effects of stress on decision making that have used artificial laboratory tasks raise the question of
whether similar results would occur in real-world contexts where domain knowledge is crucial. The
naturalistic decision-making perspective (Lipshitz, Klein, Orasanu and Salas, 2001) has studied
expert decision makers in real-world tasks to counter these criticisms.

A second characteristic of laboratory decision tasks is that they are typically framed so that formal
methods, such as mathematics or logic, specify correct solutions. When asked to revise the
likelihood of some event based on new incoming information, combine multiple sources of
information into a single quantitative judgment, or answer an implication question, Bayes’ theorem,
multiple regression, and propositional logic specify the correct answers, respectively. Using such
tasks that allow the outcomes from normative rules to be compared to human behavior has
characterized much of the research in psychology (Arkes and Hammond, 1986). Unfortunately,
people routinely fail to answer these decision problems correctly, and instead show systematic biases
and errors in their judgments.

6.3 Stress and Human Decision Making

There is a surprising paucity of research on how the decisions made by flight crews are affected by
stress, especially the type of stress that may occur in non-normal situations.
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6.4 General Effects of Stress on Deciding

Considerable evidence indicates that stress deteriorates human performance in general and judgment
and decision making in particular (Welford, 1976). Although the specific deficits that result from
stress may vary across different manipulations and laboratory tasks, there are is general agreement
that the effects of stress are negative. Janis and Mann’s (1977) early work on stress and decision
making showed that decisions under stress become less systematic and more hurried, and that fewer
alternative choices are considered while deciding under stressful conditions.

6.5 Rational-Analytic Decision Making

A common framework for thinking about how decision making occurs is the rational-analytic model
(Edwards and Fasalo, 2001). Here the decision maker is assumed to carry out a sequence of
cognitive operations including such actions as weighting attributes of information cues, combining
multiple sources of information, assessing probabilities, forming subjective utilities, and evaluating
outcomes. The final decision comes out of a sequence of these operations performed in a thoughtful,
deliberate manner. But because stress is known to have detrimental effects on fundamental cognitive
processes of memory, attention, perception, etc., it is reasonable to expect rational-analytic decisions
to suffer also.

The rational—-analytical system is vulnerable to stress because it draws heavily on limited cognitive
resources that are themselves disrupted by stress, as discussed previously Numerous studies show
that stress interferes with basic cognitive functioning such as recall and executive control. Working
memory capacity decreases, the scope of information attended to narrows, our ability to selectively
focus on a set of information cues decreases, and we have more difficulty processing visual
information in working memory. (However, as previously discussed, some of these putative effects
are less rigorously established than others, and some effects may be due to manipulations other than
stress per se—e.g., workload.)

There is a general consensus in the literature that stress negatively affects rational decision making
by degrading both the quality of the processing of alternative actions and the actual number of
alternatives considered (Stokes and Kite, 1994). In a study of college students performing a
multiple-choice analogies test, Keinan (1987) manipulated stress by threatening electric shock. The
results showed that under induced stress subjects failed to consider all available alternatives before
choosing an alternative (premature closure), and scanned and evaluated alternatives in a
disorganized manner (nonsystemic scanning). Although similar findings were reported in previous
work (e.g., Janis and Mann, 1977; Sieber, 1974; Wachtel, 1967; Wright, 1974), these previous
studies typically manipulated stress through time pressure. In contrast, Keinan’s study demonstrated
a degradation of alternative processing through an acute stressor unrelated to time, demonstrating
that hurried processing of choice alternatives was the result of stress per se and not simply lack of
time.

6.6 Naturalistic Decision Making

Another prominent model of human decision making is the naturalistic framework (Klein, 2000;
Lipshitsz, Klein, Orasanu, and Salas, 2001). The basic idea behind naturalistic decision making is
that people make decisions by recognizing patterns in a quick, intuitive manner rather than the
deliberate sequence of activities carried out under the rational-analytic approach. Decision problems
evoke previously learned response patterns that have been stored in long-term memory, and it is
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these evoked knowledge patterns that provide the choices and actions called for in the current
situation. Naturalistic decision making has close ties to the work in cognitive psychology on human
expertise, which argues that expert performance comes primarily from storing large numbers of
domain-specific patterns in long-term memory (Chase and Simon, 1973; Ericsson and Charness,
1994);

One feature of naturalistic decision making particularly relevant for commercial pilots is its
emphasis on expert judgment. Most studies within the framework use participants who have been
highly trained and considered to be performing at an expert level. One finding with such experts,
particularly responders to emergency situations such as fire fighters or emergency room doctors, is
that they choose a course of action within a short time (Klein, Calderwood, and Clinton-Cirocco,
1986). Obviously the time constraints of the situation dictate such quick responses, but more
importantly these decisions are often the right decision and they occurred outside of a deliberate,
analytical decision process. The responses seemed to be automatically activated by the features of
the problem situation. Further, this type recognition-primed decision making is thought to underlie
much of decision making by human experts.

To what extent does pilot decision making rely on recognition-primed deciding and so stress is less
likely to interfere with this type of decision making than the rational-analytic method?
Unfortunately, we could not find studies providing definitive answers to these questions. Stokes and
Kite (1994, pp 102-111) report the results of several studies on pilots aimed at testing a decision
model that integrates pattern recognition deciding with analytic strategies; unfortunately, the results
were mixed.

6.7 Judgmental Heuristics

A final major framework for investigating human judgment and decision making has been defined
by Kahneman, Tversky and their colleagues (Kahneman, Slovic, Tversky, 1982; Kahneman and
Tversky, 1983; Tversky and Kahneman, 1974). Often referred to as judgmental heuristics, this
research perspective is characterized by describing the often simplified strategies people use in
making decisions and forming judgments. The basic finding is that people use simple heuristics,
rather than optimal rational processes, in making decisions. A heuristic is a way of deciding that
requires less mental effort from the decision maker than would be needed if a more formal process
were used. Heuristics typically ease the burden of deciding by reducing the amount of information
considered. For example, fewer information cues may be examined, information cues may be
weighted and combined in a simplified fashion, or fewer alternatives are considered during action
selection. These simplifications often produce acceptable and at times even good outcomes, but they
routinely result in biases or errors that prevent optimal outcomes.

An obvious connection between the research in judgmental heuristics and decision making under
stress is the common use of simplifying strategies. Are the heuristics and biases that occur in normal
human judgment similar to the simplification strategies used by decision makers under stress? To
our knowledge researchers within the judgmental heuristics framework have not explicitly studied
the effects of stress on decision making. However, research outside of this framework does show
that people change decision strategies under stress, particularly when imposed by time pressure. For
example, Payne, Beuman and Johnson (1988) studied decision maker’s adaptation to changing
environmental conditions in gambling decisions. They found that under time pressure decision
makers accelerated their processing of information and tended to focus their attention on a subset of
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information available. Maule, Hockey and Bdzola (2000) found similar results with time pressure
imposed on students making decisions about everyday risk scenarios. In the following sections, we
briefly review some of the common judgmental heuristics, and attempt to relate them to scenarios
that might occur with flight crews.

Representativeness. When predicting an unknown object’s class or an event’s origin, there are three
types of information that should be considered for optimal performance: the base rate or prior
probability of the category or process, the specific evidence presented by the object or event, and the
predictive validity of this specific information. For example, when estimating the likelihood of
windshear at an arrival airport, a flight crew should consider the overall likelihood of windshear at
this airport, the specific weather information presented, and how predictive this specific information
is to windsheer at time of arrival. A large body of research shows that when faced with decisions of
this type people tend to use a judgmental heuristic called representativeness (Kahneman and Tversy,
1972). Here a judge predicts likelihood simply based on how similar (i.e., representative) the current
object or event is to the category’s prototypical occurrence. Both base rate information and the
information’s predictive validity are ignored.

In the windsheer example, a crew using representativeness would estimate the likelihood of
windsheer at arrival by simply noting how similar the current conditions are to previously
encountered windsheer events. Although we are not suggesting that crews do a formal probabilistic
analysis for every potential windsheer occurrence, which for practical reasons would be quite
impossible, it might be possible for the crew to consider at a general level the base rate likelihood of
windsheer at this particular airport when making such a decision, assuming of course they had prior
experience or knowledge about the frequency of windsheer at the location. Similarly, some general
sense of the validity of the presented weather information could also be considered.

Availability. The availability heuristic occurs when the judged likelihood of an event is influenced
by how easily instances of the event can be brought to mind (Tversky and Kahneman, 1973). For
example, people tend to judge the likelihood of their being in a car accident higher after witnessing a
car accident than otherwise. The recently observed accident is salient and easily remembered. The
bias arises because a person’s ease in recalling an event is usually not a valid index of the objective
likelihood of the event’s occurrence. Assume a pilot experienced a fire in an electrical panel during
recurrent training the previous week. When the smell of smoke is detected in the cockpit on an
actual flight, her judgment of the likelihood of an electrical panel fire will be heightened, relative to
other possible events.

Anchoring. People sometimes estimate the likelihood of an event by starting with an initial value and
then later adjusting this value to arrive at a final judgment. In a phenomenon known as anchoring,
studies show that our final estimates of likelihood are unduly influenced by our initial judgments
(Epley and Gilovich, 2006; Kassam, Koslov, and Mendes, 2009). We fail to move away from these
initial estimates even when the data suggest we should. For example, on an international flight, flight
attendants report to the crew a sick passenger; the crew judges the passenger’s condition to be
sufficiently minor so as not to require diverting the flight for medical attention. Anchoring would
cause this initial judgment of low probability of need for medical attention to mitigate a subsequent
estimate of the seriousness of the patient’s condition, perhaps even resulting in taking no action
when a diversion for medical attention was warranted.
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Conservatism. Conservatism occurs when people fail to revise their probability estimate of some
event enough in light of new data (Edwards, 1961). Conservatism is related to anchoring, but here
the fault is not tied to an initial estimate, but rather to failing to recognize the significance of new
data. Bayes’ theorem provides the normative model for revising probabilities based on new,
incoming information. The decision situation entails making an initial probability estimate of some
event, and then subsequently receiving new information and revising the estimate. The central
finding of conservatism is that people revise their estimates in the right direction but not as strongly
as the data warrant. That is, the new data are not seen to be as diagnostic as they really are. Using the
earlier example of windshear, a crew might estimate the likelihood of windshear at arrival at .50.
Subsequently, they receive data suggesting an increased likelihood of windshear. Whereas Bayes’
theorem might compute the new conditional probability at .80, the flight crew would estimate the
likelihood of windshear at say .65.

Illusory Correlation. At times people perceive two variables co-varying when in fact they do not
(Chapman, 1967). This idea of illusory correlation has been studied primarily in social psychology
where people falsely recognize relationships between certain classes of people (e.g., race) and traits.
Our propensity to see relationships between events no doubt facilitates our discovering true causal
connections, but it can also lead to false positives. For example, during the course of a non-normal
event a pilot might perceive evidence of an electrical problem as co-varying with a hydraulic failure
when in fact the two events are independent. The hypothesized relationship between these events
could lead the pilot astray in making an accurate diagnosis of the problem.

Confirmation Bias. In making decisions we sometimes form a hypothesis about the state of the
world and then seek subsequent information to support our hypothesis. Such confirmatory evidence
may be consistent with the hypothesis, but rarely does it prove it. In contrast, a single negative fact
could disconfirm the hypothesis and thus allow us to consider other viable hypotheses. There is a
strong propensity for people to seek confirmatory evidence rather than disconfirmatory evidence
(Nickerson, 1998). For example, a crew may believe that a particular hydraulic system is functional
and seek multiple pieces of evidence to confirm its normal operation, but none would be definitive.
However, a single negative indicator might reveal that the system had indeed failed, allowing the
crew to now deal effectively with the situation.

Framing Effects. There is a large body of research showing that how a problem is framed can affect
people’s decisions (Tversky and Kahneman, 1981). For example, people tend to be risk averse when
an outcome is stated in terms of gains but risk seeking when the outcome is stated as a loss, even
though formally the problems are identical. Slight changes in the wording of a problem can produce
significant differences in people’s estimates of event likelihood or selections of alternatives. In
laboratory studies, the framing information is often manipulated along a gain/loss or
positive/negative dimension. Although, to our knowledge framing effects have not been considered
in flight decisions, how certain flight information is framed (e.g., from ATC or dispatch) could
perhaps affect pilots’ decisions.

In summary, the judgmental heuristics framework for studying human decision making has
identified and described specific ways in which humans fail to carry out optimal decisions. These
heuristics are general cognitive strategies or biases that reduce the cognitive effort of the decision
maker and are often appropriate in everyday situations. However, the strategies may also lead to
systematic errors and biases resulting in poor decisions. Obviously more research is needed to
determine how often pilots use these judgmental heuristics in flight decisions and whether stress
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increases their use. It seems likely that when stress reduces limited cognitive resources, dependency
on heuristics would increase, but this is an empirical question requiring research. To the extent that
heuristics are used, airlines could incorporate them into their training to help pilots become better
aware of their existence and less vulnerable to their detrimental effects.

7. Decision Making, Team Performance, and Stress

Commercial flying is undoubtedly a team effort; cockpits contain multiple crew members and others
outside the cockpit (e.g., ATC, dispatch, maintenance) can contribute to crew decision making and
problem solving, especially during non-normal events. The FAA (FAA, 2004) has long recognized
the importance of training and assessing crews above and beyond the performance of individual
pilots. Further, negligence in crew resource management (CRM) has been noted by the NTSB as
probable causes of multiple accidents (NTSB, 1994). In particular, failures of decision making,
communication, and coordination have been identified as leading causes. Our goal in this section of
the report is to examine the performance of team decision making under acute stress. What are the
specific effects of stress on team performance and what can be done to counter the deleterious
effects of stress?

7.1 The Nature of Team Decision Making

We first consider how team decision making differs from decisions made by individuals. With
respect to the actual decisions made there is little, if any, difference. In the cockpit, the same
decisions about flying the aircraft need to be made whether an individual or crew is flying; the same
environmental inputs, available alternatives, and goals exist. What does differ, however, is the added
interaction among crew members. Team decision making differs fundamentally from individual
decision making because of the need to communicate and coordinate activities. And to anticipate the
effects of stress on team decision making, the primary hindrances to deciding seem to occur through
disruptions to communication and coordination among team members.

Although our specific focus in this section of the report is on team decision making, it is worth
noting that the relevant research literature rarely addresses decision making by itself but rather team
performance more generally. Hence, most of the studies we review here are about team
performance. This is not an issue, however, because the tasks used to study team performance are
most often complex, cognitive tasks where deciding, planning, and problem solving all occur in an
integrated manner.

Much of the research on teams presents specific models of team performance or decision making.
These models can be helpful by identifying the specific mechanisms of deciding that are affected by
stress. As discussed in an earlier section of the report, a common way of characterizing individual
decision making is the information processing model. Here a decider receives inputs, carries out
mental operations of encoding, storing, and retrieving information, and then finally transforms the
information into an appropriate output, typically a selected action (Hogarth, 1987). Team models are
most often types of information processing models.

Various models have been used to explain team performance (Salas, Cooke and Rosen, 2008), but
the predominant view in the literature is shared cognition (although see Cooke et al., 2013 for a
recent alternative model). Shared cognition is fundamentally a mental model and so has similarities
to the information processing models of individual decision makers. The critical difference lies in its
postulating states and processes corresponding to the shared activities that occur in team decision
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making. In addition, team mental models are sometimes assumed to have an emergent cognitive
state. As a type of validation of the concept of shared cognition, research has shown that more
similar mental models among team members supports team performance (e.g., Marks, Sabella,
Burke, and Zaccaro, 2002; Mathieu, Heffher, Goodwin, Salas, and Cannon-Bowers, 2000).

Team members are assumed to have internal representations of the task situation, including task
environment, possible actions, goals, methods for achieving those goals, and roles of teammates. To
the extent that team members share similar cognitions, the coordinating and communicating of task
relevant information is facilitated. The shared cognition model of team performance seems
particularly relevant to tasks carried out by air crews, and evidence exists that shared models among
team members aids decision making in complex task environments like flying (Klein, 1999).

Finally, Cooke, Salas, Cannon-Bowers, and Stout (2000), along with other researchers, have created
methods for empirically eliciting and formally representing mental models of teams. These methods
allow researchers to compare the similarity of mental models of team members, compare a team’s
mental model to a goal standard or referent model, and show how team models change as a function
of training. These tools are important for carrying out empirically sound studies of team
performance from a mental model perspective.

7.2 The Effects of Stress on Team Decision Making

The research literature on team performance clearly shows negative effects due to acute stress (e.g.,
Cannon-Bowers and Salas, 1998; Driskell and Salas, 1991; Driskell et al., 1999;). Earlier studies
occurring within personality and social psychology showed that under acute stress team members
search for and share less information, tend to neglect social and interpersonal cues, and fail to
recognize situations that require interpersonal interaction (Cohen, 1980; Janis, 1982). Further,
individuals find it more difficult to differentiate among people with differing areas of expertise
(Rotten, Olszewski, Charleston, and Soler, 1978) and often confuse their roles and responsibilities
(Torrence, 1954).

Stress hinders team performance, including decision making, primarily by disrupting
communication and coordination (Driskell and Salas, 1996; Stokes and Kite, 1994). Coordinated
action lies at the heart of effective team performance (Orasanu and Salas, 1993). Acute stress
significantly reduces both the number of communication channels used (Gladstein and Reilly, 1985)
and the likelihood that they will provide needed information to their teammates (e.g., Isen and
Levin, 1972; Mathews and Canon, 1975), thus compromising their ability to retrieve and update
information and coordinate its allocation to others.

Ellis (2006) examined the effects of stress on specific cognitive and behavioral mechanisms of team
performance within a study of several hundred subjects engaged in a command and control
simulation task. Stress was induced through time pressure and threats. He investigated the effects of
stress on both team mental models and team member’s transactive memory, which is knowledge
about other member’s specializations, ability to work together efficiently, and reliability of
knowledge and skill. Team interaction mental models primarily serve to integrate team members’
perceptions, while transactive memory primarily serves to capitalize on differences among team
members’ roles and responsibilities. Ellis found that both mental models and transactive memory
suffered from acute stress, and argued that these components represent the cognitive and behavioral
mechanisms through which acute stress affects team performance.
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7.3 Ways of Decreasing the Stress Effects on Team Performance

Here we examine studies that have attempted to ameliorate the negative effects of stress on team
performance and decision making more specifically. One widely touted method for improving team
performance under stress is cross-training, essentially the idea of teaching team members about the
duties and responsibilities of their teammates. Cross training assumes that knowing another’s roles
and understanding how one’s own tasks and responsibilities relate to others, will improve
communication and coordination. The method acts primarily through improving communication and
coordination, and its effectiveness seems to be maximized under periods of high stress. There is now
considerable research supporting the benefits of cross-training on team performance.

Cannon-Bowers, Salas, and Volpe (1996) investigated cross-training on team performance in a flight
simulation with two pilots engaged in an air combat task. They found that teams given cross-training
were rated higher on teamwork processes, used more efficient communication strategies, and
achieved better task performance, than control teams not receiving cross-training. The study
manipulated world-load, which indirectly affected stress. The researchers hypothesized that cross
training would be more beneficial under high than low workload. Although their hypothesis was not
supported, the authors noted that even the low workload condition was quite demanding, and so the
difference between the two conditions was most likely insufficient to allow for an interaction to
occur.

In a related follow-up study, Blickensderfer, Bowers, Cannon-Bowers, and Salas (1998) used a
three-person command and control simulation task to investigate the benefits of cross training. They
found that cross-trained teams were rated higher on teamwork processes, volunteered more
information to teammates, and achieved higher task performance scores than teams without cross
training. And now with a stronger manipulation of workload, they did find that the benefit of cross
training was significantly higher under high than low workload. Further, their research design
allowed them to identify the mechanism by which cross-training improved team performance. Here
they concluded that cross-trained teams used implicit strategies that allowed better team
communication and coordination, and this was particularly true under severe task demands.

Entin and Serfaty (1999) studied naval officers performing a realistic command and control task
under conditions of high stress. They found that teams given adaptation and coordination training
performed significantly better than control teams, and the advantage was greatest under conditions
of high stress. Training consisted of adapting to high stress situations by shifting from explicit to
implicit modes of coordination. Implicit coordination required team members to use shared mental
models of their teammates. Team members who knew about the mental models of others could
fulfill their teammate’s requirements before explicit requests were made. The authors concluded that
the implicit coordination of actions became more efficient and thus reduced communication and
coordination overhead.

Coordination generally refers to the sequencing and timing of events, managing workload, and
exchanging information with other team members. Communication and coordination go hand in
hand, and these two processes are often treated together as an integrated unit in research on team
performance. Coordination and communication processes are central to team decision making.
Hence, not only is cross-training beneficial to team performance generally, its advantages occur
through processes that are instrumental in decision making.
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Marks et al. (2002) examined the specific role of coordination in cross-training using a three person
team operating a simulated Apache attack helicopter. Participants were naive college students. The
effects of cross training were evident in higher levels of shared team-interaction knowledge and
better overall task performance for cross trained compared to a control team. A significant
correlation was found between team performance and coordination processes, and further regression
analyses showed that coordination served to mediate the relationship between shared mental models
and team performance.

More recently, Gorman, Cooke and Amazeen (2010) investigated a new type of training to aid team
performance. Perturbation training has its roots in motor and verbal learning where it has been
shown that varying practice conditions during learning results in better subsequent performance
especially when the learner is faced with novel or difficult conditions. Presumably the varied
practiced conditions create more elaborate encoding and retrieval processes, which in turn benefits
later performance. Gorman, et al. extended perturbation to team processes by perturbing team
coordination activities, requiring team members to accommodate to the changes.

Gorman, et al. had three-person crews fly an uninhabited air vehicle simulator to photograph
stationary ground targets. A total of 32 teams were randomly assigned to cross training, procedural
training, or perturbation training. Task performance was a composite of number of missed targets,
time to process targets, and time spent on warnings and alarms. The results showed that teams
trained with perturbation training performed better under novel situations than either cross-trained or
procedurally trained teams, but cross-trained teams performed significantly better on a measure of
shared knowledge. The researchers concluded that perturbation training allowed teams to better
respond to actual task demands of changing requirements for team coordination, and that it will
likely produce more adaptive teams in novel, real-world settings.

Grote, Kolbe, Zala-Mez0, Bienefeld-Seall, and Kiinzle (2010) investigated team performance from
the perspective of organization theory. Their study aimed specifically at examining the relationship
between heedful interrelating and task load. Heedful interrelating occurs when all team members
make deliberate efforts to reconsider the effects of their actions on current goals. It purportedly helps
teams to adapt to novel situations by breaking away from stereotypical or highly-learned responses
(Gersick and Hackman, 1990).

Grote et al.’s study consisted of 42 A320 flight crews, returning for recurrent training, performing a
predefined flight scenario requiring the execution of a clean approach. Various measures of
performance were obtained including team coordination (both implicit and explicit) and actual
performance on the maneuver graded on a 1 to 6 scale.

The results indicated that heedfulness training was generally effective in producing better team
processes, and under certain conditions improved actual task performance. Crews given heedfulness
training adapted their coordination processes in response to increased task load, however under high
levels of standardization, implicit coordination increased and heedfulness interrelating decreased.
Assuming that heedful interrelating requires a certain amount of shared cognition, the study’s results
also relate to research showing the relevance of shared mental models for team performance (Salas
et al. 2005, Burke et al. 2006).
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7.4 Summary of Decision Making and Stress

Research clearly shows that acute stress disrupts processes underlying team performance, primarily
through affecting communication and coordination, and so reduces actual task performance. Studies
have used tasks that are for the most part complex and realistic, such as simulations of military
command and control or flight simulators, and participants have been either experts in the field or
students undergoing training in the field. The tasks have been complex and cognitively demanding
and generally included numerous subtasks that would fall into the category of decision making. On
occasion, subjects are college students engaged in PC based task simulations. Acute stress has most
often been manipulated by task difficulty, time pressure, increased workload of secondary task
elements, and threats. The stress manipulations are typically validated through observing overall
decreased task performance in high stress conditions, post study self-ratings of stress by participants,
or on occasion by physiological measures such as cortisol.

Most of the research investigating stress and team performance has not been focused simply on
demonstrating how and when stress affects team performance, but rather on examining methods for
reducing the negative effects of stress. In a nutshell, the results of these studies have been
encouraging showing that teams can be trained to better adapt to the difficulties that arise during
stressful situations.

These studies most often examined specialized training that focused on helping members better
communicate and coordinate during novel situations that occurred during times of high stress. Often
these training methods were couched within a theoretical framework of team mental models such as
shared cognition. Cross-training and perturbation training have both been shown to be effective at
reducing the deleterious effects of stress on team performance. It is particularly encouraging to see
that their benefits occur primarily during times of high stress. These and other methods aimed at
helping teams adapt to stress, such as heedful training, could be implemented in real-world contexts
such as commercial aviation.

In complex tasks with a potential for high risk, such as commercial flying, training typically focuses
on the execution of routine tasks using standardized operating procedures. Crews are trained until
their execution of standardized tasks occurs flawlessly, or at least close to it. Performance on routine
tasks becomes automatized. This type of procedural training to perfection makes perfect sense given
the importance of executing these tasks at a high level of performance. And even for some non-
normal tasks deemed more probable (e.g., rejected takeoffs, v1 cuts) a similar level of training is
required. High level of standardization achieved through procedural training has been the core
element of the remarkable safety record that exist today in high risk environments such as
commercial flying.

However, it is now clear from the research on stress and team performance that this type of
procedural training does not prepare crews well for the novel situations that occur during truly non-
normal events. The acute stress that often co-occurs during unexpected, difficult-to-manage events
disrupts team processes, particularly communication and coordination, resulting in poor task
performance.

Airlines operating under AQP have a mandate to carry out some form of CRM training. However

the extent and scope of this training varies greatly and is under the airline’s discretion. Further, there
is a necessary tension between normal procedural training and training aimed at preparing pilots for
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the type of non-normal event that will most likely never occur during their careers. Although there is
ample empirical evidence showing the effectiveness of training crews to adapt to the stress of
unexpected events, the contingencies for allocating more training resources to prepare crews to for
highly improbable non-normal events are simply not in place.

8. Naturalistic Studies

Investigators have taken advantage of real-world situations in which individuals are exposed to
stressors, including physical danger, to study stress reactions. Reid (1948) extracted data on errors in
wind calculation by navigators on WWII bombing missions and found errors increased during
operational segments of flights, reaching a maximum during enemy opposition. As mentioned
previously, Hammerton and Tickner (1968) found that trainee parachutists performed a visual
tracking task more poorly shortly before a jump, presumably due to anxiety. Performance by
experienced parachutists did not show this impairment.

Weltman et al. (1971, previously discussed) used simulated dives in a pressure chamber to induce
anxiety in novice divers, and found narrowed spatial attention. Mears and Cleary (1980) collected
physiological data from experienced Scuba divers and measured performance on the Raven
Progressive Matrices, a test of reasoning ability, during shallow (6 m) and deep (30) dives. Anxiety
was assessed on a standard scale after the dives. Anxiety and heart rate decreased during shallow
dives but increased during deep dives, and cognitive performance decreased on the deep dives.
Several studies have examined the effects of military survival, escape and evasion training and
similar exercises on cognitive performance. These studies must be interpreted cautiously because the
training combines prolonged physical demand, sleep deprivation, and fatigue with emotional stress,
but they are worth discussing because investigators have used informative cognitive test batteries.

Lieberman, Bathalon, Falco, Georgelis, Morgan, Niro, and Tharion (2002) reported two studies of
demanding military exercises and found reaction time, vigilance, memory, and logical reasoning
impaired relative to individuals’ baselines shortly after the training. The degree of impairment was
greater than alcohol intoxication. Morgan, Hazlett, Wang, Richardson, Schnurr, and Southwick
(2001) reported increased evidence of dissociative symptoms (from an inventory scale) after similar
training. Harris, Hancock, and Harris (2005) administered cognitive batteries after week-long Navy
survival training, and found no impairment on the first few trials of the batteries. However, on later
trials, seconds into testing, trainees showed impairments in reaction time, information manipulation,
and logical reasoning. Apparently, they could maintain performance only for very brief periods.
Trainees reported difficulty concentrating.

Morgan, Doran, Steffian, Hazlett, and Southwick (2006) had special operations soldiers undergoing
survival school perform the Rey Ostereith Complex Figure (POCF) test while they were confined in
a mock POW camp, 15 min. after a grueling interrogation. The POCF requires participants to copy a
very complex figure of many line segments and to try to re-draw it from memory later. Compared to
pre-stress and post-stress soldiers and to POCF norms the stressed soldiers’ copy of the POCF was
substantially altered; copying was piecemeal, resembling the copying done by children rather than
the gestalt approach taken by adults. This suggests impaired ability to integrate visual information.
Recall of the ROCF one minute later was also reduced, suggesting impaired working memory.

From these few naturalistic studies one may tentatively conclude that anxiety does increase with
perception of danger, though this may be tempered by experience, and that this anxiety may impair
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performance of simple tasks such as visual tracking and may undermine logical reasoning. Extreme
conditions in which emotional stress is combined with prolonged physical challenge substantially
impair many aspects of cognitive functioning, especially if functioning has to be sustained. Non-
normal situations in commercial aviation do not place such extreme demands on pilots, thus we
cannot conclude whether danger, workload, and uncertainty are in themselves sufficient to produce
such a broad spectrum of deficits.

9. Stress Management Training

Stress impairment of performance can be reduced through training designed to help individuals
understand and cope with the effects of stress. Driscoll and colleagues (Driskell and Johnston, 1998;
Driskell, Salas and Johnston, 2006) have developed a general approach, stress exposure training,
that can be adapted to various training environments'. It consists of three phases: (1) preparatory
information, in which trainees are given information about the physiological and emotional
experiences they are likely to encounter during stress and how their performance may be affected;
(2) skill training, in which trainees are told how to maintain performance under stress; and (3)
application, in which trainees practice performing under stress. The specific content of the phases is
tailored to the particular type of work performed and the nature of particular stressful situations.

Stress exposure training has been shown to reduce stress impairment of performance of both simple
laboratory tasks (Driskell, Johnston and Salas, 2001) and more complex tasks, such as team
performance (Johnston, Driskell, and Salas, 1997). Driskell et al. (2001) reported that this training
generalized from one type of laboratory stressor to another and from a trained task to an untrained
task, however this result must be interpreted with caution because in both tasks the stress-coping
skill required was simply to ignore distraction from the stressor (noise or time pressure).

Stress exposure training has not, to our knowledge, been tested with experienced pilots, but two
studies examined its effect on inexperienced or trainee pilots. McClernon, McCauley, O’Connor,
and Warm (2011) gave a treatment group participants without flight experience brief instructions on
avoiding distraction from stress: Maintain normal breathing, focus on the task at hand, and focus on
flight performance parameters. This group then practiced a basic flight maneuver in a simulator for
10 minutes while their left foot was immersed in cold water. The control group, which did not
receive the stress training and performed the same flight maneuver without the cold pressor. When
tested in an actual aircraft and performing the same basic maneuver, the treatment group performed
the maneuver more precisely than did the control group.

Fornette, Bardel, Lefrancois, Fradin, Massiouri, and Amalberti (2012) gave much more extensive
cognitive adaptation training (six two-hour sessions) to a group of military pilot cadets. This training
emphasis metacognitive reflection upon how one manages emotional situations such as stress. In the
treatment group, cadets who had performed below average in initial flight training improved their
flight performance during the remainder of their flight training, but cadets initially above average
and cadets in the control group did not improve. Although suggestive, this study suffers from a
methodological flaw: The control group did not receive any intervention at all; thus the improvement
may have resulted from a Hawthorne effect (non-specific intervention).

"> For a meta-analysis of t